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Rising summer stream temperatures threaten the habitat of cold-water fishes 
globally. Streams with cold groundwater seeps can provide thermal refuge, however 
natural groundwater discharge is often patchy throughout watersheds, impacting habitat 
connectivity. This research was undertaken to evaluate the potential to engineer (active 
pumping) thermal refuge that mimic cold groundwater seeps under a range of natural 
streamflow conditions and varying cold-water injection rates. Natural groundwater 
averaging 10 °C was pumped into the river channel behind a removable baffle, used to 
inhibit mixing and dispersal of the groundwater plume. A fiber-optic distributed 
temperature sensing cable was deployed above the streambed, downstream of the 
injection point. Visible light and thermal infrared images were collected of the water 
surface. The goal of this research was to collect data at high, medium, and low natural 
stream discharges in the Fenton River near the University of Connecticut in Storrs, CT, 
USA, as well as test high, medium, and low injection rates relative to typical monitoring 
well pump rates. The range of cold anomalies monitored by the FO-DTS cable indicated 
a -0.09 °C temperature drop between the surface water and minimum temperature in the 
cold-water plume at high flow stream discharge, -0.31°C temperature change for medium 
discharge, and a -1.1°C temperature decrease for low stream flow discharge. The three 
varied rate pumping tests indicated that an increase in pumping rate creates a slightly 
cooler plume, but does not make a substantially large difference at an overall stream 






Stream ecology is heavily influenced by thermal regimes: water temperature 
directly impacts the development of aquatic organisms, species distribution, microbial 
metabolic rates, along with their ecosystem processes and services (Kløve et al. 2014). 
Cold-water adapted aquatic organisms have evolved to be dependent on groundwater 
discharge in streams as a protective buffer against variable annual temperatures (Ebersole 
et al. 2003). While thermal ‘refugia’ are typically thought of as larger-scale cold water 
habitat, thermal ’refuge’ are discrete meter-scale colder-water patches created by 
groundwater seepage, emergent hyporheic exchange, tributary confluence, or riparian 
shading, and are often found in discontinuous zones within the stream reach (Kurylyk et 
al. 2015). As air temperatures rise and short duration droughts increase due to anticipated 
climate change (Isaak et al. 2015, Huntington et al. 2009), cold-water species will need to 
rely more heavily on natural thermal refuge to survive, especially during periods where 
peak temperatures exceed their metabolic threshold. However, natural thermal refuges are 
often not well distributed along stream corridors (Petty et al. 2012), may not be well 
protected from aerial predation, and their effectiveness may decrease as shallow 
groundwater also warms (Briggs et al. 2018a). 
 Cold-water adapted fish species are highly adept at seeking out cooler 
temperatures within their habitat and using these areas to thermoregulate (Hitt et al. 
2016). Behavioral thermoregulation is a strategy used by fish to maintain their thermal 
threshold by seeking out ideal temperature ranges within their thermally heterogeneous 
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habitat, whether in a stratified lake, or a stream with heterogeneous pockets of cold and 
warm water (Peterson et al. 1996). Fish in a lake in Wisconsin containing effluent from a 
power plant were distributed by size and temperature preferences around and in the 
effluent plume (Neill et al. 1974). This stratification did not change regardless of 
increased food sources outside of their selected areas. Studies performed on salmon and 
trout with thermal tracking found them able to maintain body temperatures significantly 
lower than that of the main stream reach which had reached temperatures greater than 
their survival threshold (Baird and Krueger, 2003, Mathews and Berg, 1997), by 
congregating in areas with groundwater seeps or springs, suggesting that their survival in 
areas with high surface temperatures is dependent on their access to cold-water 
discharges (Petty et al. 2012, Snook et al. 2016). Trout and other cold-water adapted fish 
species have been observed to create microhabitats within their watershed based on 
groundwater discharge zones and separate out their habitats based on species size and 
their ideal temperature range (Torgersen et al. 2012). Additionally, studies of salmon 
indicate that the fish alter their migration activity in pursuit of spawning grounds and in 
order to behaviorally thermoregulate in cool tributaries while surface waters remain at 
peak and stressful temperatures (Goniea et al. 2006). 
In marginal thermal habitat, cold-water fish behavioral strategies rely on natural 
thermal refuge, which sources range from groundwater seeps and springs, deeper 
hyporheic exchange, riparian shading or deep points within the stream bathymetry, and 
tributary confluence (Kurylyk et al. 2015). While these mechanisms can potentially be 
utilized by cold-water adapted species for thermoregulation, it is difficult for some 
species to access them due to the uneven distribution of groundwater seeps and tributaries 
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throughout watersheds, resulting in species isolation and fragmentation. Many natural 
cold-water pockets may be exposed to aerial predators, particularly stream confluence 
zones, and are therefore not suitable to serve as refuge (Peterson et al. 1996, Briggs et al. 
2018b). Also, due to human alterations to streams, riparian shading and hyporheic 
exchange may become disrupted, further limiting natural thermal refuge and decreasing 
cold thermal input (Goniea et al. 2006). Groundwater flowing shallowly beneath the 
surface (up to ~5 m) is also at risk to temperature fluctuations and warming trends 
(Kurylyk et al. 2014, Briggs et al. 2018c). In addition to the limited availability of natural 
refuge, feeding opportunities can become sparse for cold-water adapted species in the 
few crowded, cool areas available (Baird and Krueger, 2003). Migrating species 
experience higher pre-spawn mortality in areas with too much exposure to high surface 
temperatures (Goniea et al. 2006). Mortality related to diseases is also heightened under 
increased temperatures, as microorganisms experience increased growth, combined with 
fish species’ lowered immunity due to their experienced thermal stress (Crozier et al. 
2014). These factors put fish species at risk as they face warmer temperatures and less 
refuge available to them to alleviate thermal stress.  
 Due to inherent challenges presented by natural thermal refuge, human 
‘engineered’ cold water pockets may be a viable addition to help cold-water species 
survive hot periods (Kurylyk et al. 2015). In general, physical stream restoration projects 
are seeking to better incorporate ecological services and are focusing on altering thermal 
regimes through riparian cover, hyporheic exchange remediation (Doll et al. 2003, Hare 
et al. 2017), and augmenting natural thermal refuge with artificial refuge, by mimicking 
groundwater seeps (Kurylyk et al. 2015). In the summer season when cold-water adapted 
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species are faced with peak temperatures for short periods of time, a cold-water refuge 
created by pumping nearby aquifer groundwater directly into the stream reach could 
provide protection from lethal temperatures. While these pumped point-scale inputs may 
not serve to lower the overall temperature of the surface water, it would create a thermal 
refuge by creating a spatially focused cold pocket under the ‘right’ hydrodynamic 
conditions (Kurylyk et al. 2015; Briggs and Hare, 2018).  
 
1.2 Goals and Objectives 
	
The primary goal of this research was to assess the effectiveness of actively pumped 
groundwater thermal refuge as a climate-change adaption strategy for cold-water adapted 
species that live in streams at risk for lethal temperatures during the summer months. In 
order to do this, nearby alluvial aquifer groundwater was pumped into a wide section of 
the Fenton River, CT at controlled rates during peak temperature periods of the summer 
season by using an existing riparian well. For the variable pump rate tests, a water tank 
was used containing enough ice to create the same temperature as natural groundwater. 
The extent of the cold thermal anomaly created was assessed using a combination of 
temperature sensing methods, while mixing was assessed with visual dye and 
hydrodynamic measurement methods. The objectives of this study were to  
1) Characterize effective cold-water plume footprint created by pumping 
groundwater across a natural gradient of in channel flow rates. 
2) Determine the effect of varying typical groundwater pump rates on the extent of 
cold-water plume produced in the surface water. 
3) Assess the effectiveness of an engineered baffle at limiting local mixing of 
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surface water with groundwater, and testing the effect of varying cold-water 
injection methods on the dispersion of the cold-water plume. 
METHODS 
	
2.1 Field Site 
	
The study area is point along the Fenton River located in Tolland County, CT 
which is part of the Natchaug River Watershed and is an overall gaining stream, covering 
a drainage area of 18.3 mi². (Warner et al. 2006). The upstream USGS stream gage 
01121330 provides the field site with a sub-daily record of river discharge and gage 
height every 15 minutes. The time of year initially chosen for the three experiments at 
variable stream discharges  (August, 2018) was chosen based on the mean discharge over 
the past 7 years as recorded by the USGS Fenton River gage, which showed March to be 
the peak flow month of the year with 1.9 m3/s, July to be the driest with 0.3 m3/s, and the 
medium flow rate of 1.0 m3/s in May. Streams in Connecticut lie on the margin between 
cold and warm water habitat, with temperature gradients that often result in both cold and 
warm water adapted species spatially distributed based on temperature. The Fenton river 
provides a site that is cool enough to contain cold-water adapted species but will be 
among the highest risk riverine systems to experience exceedance of species’ thermal 
thresholds due to climate change. It also provides proximity to the University of 
Connecticut’s monitoring and production well field, allowing easy access to shallow, 
alluvial aquifer groundwater for pumping for an engineered thermal refuge.  The stream 
is home to a number of different species, including native Brook trout, both important 
recreationally and ecologically; Brook trout are known to be an indicator species of clean, 
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cold groundwater (Warner et al. 2006, Kanno et al. 2013). Brook and Brown trout have 
also been observed to decrease in growth when temperatures exceed 16 °C, and their 
estimated upper thermal threshold hovers around 23 to 24	°C (Chadwick et al. 2017), 
causing much of the Fenton River to become a hazardous habitat for several days each 
summer. The Fenton study reach also contains natural cold groundwater seeps, as 
depicted below using thermal infrared imaging. These cold groundwater seeps exemplify 
the type of natural thermal buffer an engineered refuge would augment, as we were not 
able to document any substantial natural cold-water plumes emanating from natural seeps 









Figure 1. Infrared images of cold, natural seep found approximately 1-km downstream of 
the field site along the Fenton river emanating from a sand and gravel bank. 
The location for the injection site of groundwater and subsequent temperature 
monitoring equipment setup within the river was selected due to its nearness to well MW 
4S-99 (Figure 2), to minimize the distance required to pump the groundwater, and the 
well’s ability to pump at a sustained high flow rate, producing clear, minimally turbid 
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flow. A series of well tests were performed on wells in the area within the ideal distance 
to the Fenton, and the well and field site were selected based on these tests.  
	
Figure 2. Aerial overview of field site in the Fenton River. 
The location of the baffle and injection point of the groundwater within the stream 
channel was selected in the middle of the stream reach instead of along the banks due to 
the location’s relative depth in order to prevent the spot from drying up during base flow 
conditions. It was also selected due to its riparian shading in order to maximize sunlight 
for images of the dye tracer in the surface water. 
In order to characterize the field site, the bathymetry of the streambed field site and 
the surrounding topography were surveyed using a total station (Nikon Nivo) for both 
years in which experiments were performed, 2018 and 2019. This also included spatial 
characterization of the baffle, rebar, pump hose line, well, well house, and other 
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identifiable landmarks. A total of 436 points were taken to characterize the area, with 342 
points in 2018, and 94 points in 2019.  
 
2.2 Groundwater injection 
	
 Before pumping groundwater to the stream reach, the well (MW4S-99) was 
assessed for its ability to be pumped at a sustained, consistent rate, and also its ability to 
produce minimally turbid water at a relatively cooler temperature than the surface water 
(Vokoun et al. 2016). After a series of well tests, the water was determined to be a mean 
of 10 °C in the well (approximately the annual surface temperature mean), and 11-12 °C 
after being pumped through the hose line to the discharge point in the stream reach which 
was 13 meters away. Its depth to water was 2.1 meters and recharge rate was 32 seconds 
after filling 37.9 liters, with a 30.5 cm outer diameter casing and 6.55 meter screen 
length. The pump used in conjunction with the well was a submersible Grundfos MP 1/ 
Rediflo 2 pump capable of pumping at a maximum rate of 26.5 L/min at 400 Hz. It was 
selected due to its accessibility as a commonly used pump for household well water 
extraction, and its ability to pump at a maximum rate for up to 500 hours and at precise 
rates. It required a 3.3 kVA (2.64 kW) generator to run. A realized rate pump test was 
performed using a 37.9 liter bucket with six trials, averaging a rate of 0.41 L/s. Well 
water was pumped through 15.2 meters of reinforced PVC braided tubing with a 2.54 cm 
inner diameter and flowed through a distributed release slotted pipe placed on the 
streambed to mimic a natural groundwater seep. Large stakes held up the hosing 
connecting the pump to the discharge location to prevent it from trailing in the water and 
warming prematurely to entering the discharge pipe, and the discharge pipe was placed 
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directly behind the baffle in the area where stream flow was assumed to be lowest due to 
the disruption of the channel flow path created by the obstruction. The baffle was created 
with four 1 meter long untreated wooden boards cut to a uniform size and stacked two on 
top of each other vertically. They were held in place by metal rings screwed into the 
wood, which attached to rebar staked into the streambed in order to hold the boards in a 
V-shape. The v-shaped obstruction pointed upstream and was designed to disrupt the 
channel flow and prevent the surface water from mixing immediately with the 
groundwater due to the groundwater being pumped to a discrete point instead of seeping 
in a uniform front like in natural thermal refuge (Kurylyk et al. 2015). The slotted release 
pipe was placed directly behind the point of this v-shaped baffle, and was made from a 




Figure 3. Image of groundwater discharge setup, with hose line, baffle, and FO-DTS 
measurement system (blue cable). 
 In addition to pumping at a consistent rate (0.41 L/s) across a range of stream 
discharges in the Fenton River, on a low flow discharge day (0.4 m3/s), variable pumping 
rates were tested using a sump pump and stock tank to deliver cold-water instead of 
pumping from the well. This was done on a low flow discharge day (July 25, 2019) in 
order to maximize the presence of the cold-water plume. As the Grundfos pump was 
broken during earlier experiments, a submersible Dai Bao sump pump with a variable 
rate controller was used. These variable rate experiments required a 750 L stock tank 
filled with water from the stream reach that was subsequently cooled with ice to 
approximate groundwater temperature (~10 ºC), as the sump pump is not designed for 
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groundwater extraction (does not fit down the well). The sump pump was connected to a 
standard garden hose line (1.6 cm diameter), and used to pump stream water into the 
tank. A NIST-certified Traceable 4000 digital thermometer was used to determine the 
surface water temperature at 22.94 C. In order to mimic the cold groundwater pumped 
previously from the well at 10 °C, approximately 110 kg of ice were added to the stock 
tank to drop the temperature down from 22.94 °C to 10 °C. An aquarium bubbler was 
used to keep the tank mixed and to ensure even temperature distribution throughout the 
tank as the ice melted. Once at the desired temperature, the sump pump was connected to 
the hose line and the slotted distributed release pipe was used again as the cold-water 
injection method, and placed directly behind the baffle in the same area of the stream 
reach as used previously. This allowed for three pump tests to be performed at 11 L/min, 
19 L/min, and 23 L/min while maintaining the same temperature sensing methods. 
Additionally, at the medium pump rate, 19 L/min, temperature data was collected for a 
different groundwater injection technique: instead of allowing the groundwater to flow 
through the slotted distributed release uncovered as before, the pipe was covered with 
cobbles and substrate in order to further mimic a buried groundwater seep. 
200 Hz 250 Hz 300 Hz 
Trial Rate (L/min) Trial Rate (L/min) Trial Rate (L/min) 
1 11.58 1 14.82 1 17.88 
2 11.52 2 14.88 2 18.24 
3 11.82 3 14.82 3 18.06 
MEAN: 11.64   14.84   18.06 
350 Hz 375 Hz 400 Hz 
Trial Rate (L/min) Trial Rate (L/min) Trial Rate (L/min) 
1 22.20 1 22.62 1 23.40 
2 20.52 2 22.92 2 22.56 
3 20.58 3 22.92 3 23.28 
MEAN: 21.1   22.82   23.08 
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Table 1. Realized rate pumping tests in L/min performed in the Fenton River using a 
Grundfos Rediflo pump. 
The first two well-pumping experiments performed were on a high river flow day 
(1.8 m3/s) after a rainfall event and a medium flow day (1.0 m3/s) on August 15 and 16, 
2018 respectively. Due to an unusually wet summer and fall low baseflow conditions 
were not achieved in 2018 at the Fenton, and the low river flow experiment (0.4 m3/s) 
was performed on July 2, 2019.  
Next, on another day of low flow discharge (July 15, 2019), the three pump tests 
were performed at 11 L/min, 19 L/min, and 23 L/min, in order to test different injection 
rates and depict the resulting plumes. At 19 L/min (medium variable pumping rate), 
different groundwater injection methods were tested by comparing the resulting plumes 
created after burying the slotted distributed release pipe under cobbles and substrate, 
versus leaving it placed on the streambed uncovered. The resulting cold-water plumes 
were compared. 
Pump test 1 Pump Test 2 Pump 3  
Time (s) Rate (L/min) Time (s) Rate (L/min) Time (s) Rate (L/min) 
99 11.47 100 11.36 103 11.02 
91 12.48 104 10.92 105 10.81 
91 12.48 108 10.52 90 12.61 
            
Mean: 12.14 Mean: 10.93 Mean: 11.48 
Pump 4 Pump Test 5 
Time (s) Rate (L/min) Time (s) Rate (L/min) 
59 19.25 48.33 23.51 
60 18.93 50.72 22.37 
60 18.93 50.89 22.71 
    51.9 21.88 
Mean: 19.04 Mean: 22.62 
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2.3 Thermal Imaging 
To assess the extent of the cold groundwater plume created through the pump-
injection setup, three different imaging technologies were used to detect the movement of 
the colder groundwater (9-11°C) in the surface water (19 °C - 23°C).  
1) Thermal infrared images were used to distinguish any thermal anomalies at 
the surface (i.e. Handcock et al. 2012). 
2) A FO-DTS system was used to detect cold-water plumes created along the 
streambed interface (i.e. Rosenberry et al. 2016, Briggs et al. 2012). 
3) Brilliant Blue Dye injected into the pump line was used as a tracer to visualize 
where the groundwater was moving within the water column and how rapidly 
it was mixing with the surface water. Natural light photos were taken of this 
progression.  
After the pump had run till the injection rate was stabilized, a FLIR T-640 infrared 
camera with stated accuracy of ±2°C and 640 x 480 resolution was used to image the 
surface of the stream reach around the baffle and downstream of the baffle from the 
groundwater injection site. Images were taken from the top of a ladder positioned directly 
above the baffle in order to minimize reflection from incoming solar radiation. The 
imaging was used to detect thermal anomalies at the water surface on all three variable 
discharge days (1.8 m3/s, 1.0 m3/s, and 0.4 m3/s), and for the three variable rate pump 
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tests (11.4 L/min, 18.9 L/min, and 22.7 L/min). Remote sensing of emitted thermal 
radiation is an efficient method to detect the spatial distribution of surface heat in rivers, 
but it only captures the ‘skin’ surface layer of the water, nothing deeper than the top 100 
µm.  
To detect thermal anomalies beneath the surface of the water column, a FO-DTS 
cable was positioned approximately 11cm above the streambed (on average), and 
wrapped around 0.2 m diameter metal pulley wheels held in place by 0.6 m rebar stake 
inserted into the streambed. The cable was wrapped around the pulleys in order to 
prevent bending or kinking of the fiber optic glass within the cable at the turn points. This 
setup created a crisscross grid downstream behind the baffle, as depicted in Figure 4 
using 213 meters of the cable and covering an area of 48 m2. The cable was laid upstream 
of the baffle in order to characterize the water temperature outside the area of cold-water 
injection. The middle, left, and right-side portions of the cable wrapped around the pulley 
wheels which were attached to the rebar were spatially identified using the Nikon Nivo 
total station by marking where the cable was located at the apex of the turn on the pulley 
wheel on the left and right hand sets of rebar, and the spatial location of the middle of the 
cable between each pulley. This spatial survey data informed the spatial distribution of 
temperature through time collected by the FO-DTS cable by interpolating between 
known cable positions using USGS DTSGUI software (Domanski et al., 2019). The 
configuration was used for all six experiments, in the same position of the stream reach 
each day. It detected temperature through time at 0.25 m resolution along the cable. 
 The third component of qualitatively evaluating the spatial extent of the cold-
water plume involved using a 4 g/L mix of Brilliant Blue tracer dye, injected with a 
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syringe into the hose line delivering the groundwater from the well into the stream reach 
(Figure 4). For the variable rate pump tests, the dye was added to the tank and allowed to 
mix evenly before photographing using an aquarium bubbler to thoroughly distribute the 
dye throughout. After each injection, a progression of photos was taken depicting the 
dispersion of the groundwater downstream after exiting the slotted release pipe. These 
natural light photos were typically taken from the stream bank in order to capture the full 
area with baffle and FO-DTS array downstream. 17 photos were taken on the 1.8 m3/s 
flow day, 21 on the 1.0 m3/s flow day, and 8 on the 0.4 m3/s flow day. 47 photos total 
were taken for the variable pump rate tests, and an approximation of the extent of the 
plume was made using these photos and the total station spatial data. 
 
Figure 4. Brilliant blue dye injected into the groundwater hose line using a syringe and 
released into the stream water column downstream of the baffle. 
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2.4 Velocity Flow Characterization 
	
To assess how effective the baffle was at disrupting flow and preventing the 
surface water from immediately mixing with the cooler groundwater, the flow-field of the 
stream site was measured in multiple planes using a Flowtracker Handheld-ADV in 
conjunction with the Nikon Nivo total station. Velocity in m/s, direction (from upstream) 
in degrees, and depth in meters were calculated using the Flowtracker at points within the 
fiber-optic grid downstream of the baffle, in addition to points taken around and in front 
of the baffle structure. At each point at which the velocity was determined, the total 
station spatially identified the location of each data point collected. The flow field was 
also characterized without the baffle on the medium flow day (1.0 m3/s), in order to 
create a comparison between the effect of the upstream structure on creating a slower 
flowing pocket within the stream reach. This flow field assessment was also used on the 
low flow and high flow days (0.4 m3/s and 1.8 m3/s). 99 velocity points were taken total, 
with 24 on the 1.8 m3/s flow day, 56 on the 1.0 m3/s flow day, and 19 points on the 0.4 
m3/s  flow day.  
Another way in which the effectiveness of the baffle at delaying surface water 
from mixing with the groundwater was determined was through pumping the cold-water 
into the stream reach with and without the baffle present, and allowing the fiber optic 
cable to collect temperature data downstream over time for both scenarios. This 
comparison data was collected on the medium discharge day, at 1.0 m3/s, and allowed for 





3.1 Field Site Bathymetry and Topography 
	
The spatial data collected from the Nikon Nivo total station characterizing the 
study area bathymetry and topography for both years in which experiments were 
performed (2018, 2019) were created using a spline interpolation of the measured 
positions in ArcMap, and the elevation. 
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Figure 5. Elevation in ft of Fenton River field site surrounding topography and 
streambed bathymetry in 2018 at 1.8 m3/s river discharge. 















Figure 6. Elevation in ft of Fenton River field site surrounding topography and 
streambed bathymetry in 2019 at 0.4 m3/s river discharge. 
 














3.2 Cold Water Discharge 
	
 The temperature data collected through time using the FO-DTS cable was spatially 
characterized using the total station, and depicted in ArcMap for each of the different 
stream discharge days. The temperature data represented by each dot in the figures below 
is the temperature at the position along the FO-DTS cable averaged throughout the 
timespan the groundwater injection was active. For the high flow discharge day, 1.8 m3/s, 
the cable collected data for five hours, and the data used was averaged over the time 
frame the pump was running (2 hours). For the medium flow discharge day, 1.0 m3/s, the 
cable collected data also for five hours, of which all five hours were used because the 
pump ran the whole time. Data for the low flow discharge day, 0.4 m3/s, was not 
collected until July 2019 due to an unusually wet late summer/early fall. The FO-DTS 
cable collected data for 4 hours, but due to technical difficulties with the pump, the pump 
was not running the whole time and the data was averaged over a shorter time span. A 
cold water pulse was still detected by the fiber optic cable in that timeframe, which is 
expected as the dye injections indicated it took less than approximately 5 min to establish 
the groundwater plume once pumping began. 
 21 
 
Figure 7. FO-DTS cable collected temperature data through time on the 1.8 m3/s 
discharge day (high flow), represented by each colored point. It is overlaid on the 2018  
bathymetry of the streambed. The arrow indicates stream flow direction. 
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Figure 8. FO-DTS cable collected data on the 1.0 m3/s discharge day (medium flow), 




Figure 9. FO-DTS cable collected data from 0.4 m3/s discharge day (low flow), overlaid 
on the 2018 bathymetry of the streambed. The arrow indicates stream flow direction. 
 
 The FO-DTS cable also collected spatial temperature data for the variable rate 
pump tests, which were mapped in ArcMap. For the first of these tests, at 11.4 L/min (3 
gal/min), the FO-DTS cable temperature data was collected over a 50 minute period of 
pumping at this rate. For the second test, at 18.9 L/min (5 gal/min), the FO-DTS cable 
collected data as the pump ran at this rate for 10 minutes. At the same pumping rate, but 
with the slotted distributed release pipe covered in cobbles and streambed substrate, the 
FO-DTS cable collected data again for 10 minutes. For the highest rate pumping test, 
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22.7 L/min (6 gal/min), the FO-DTS cable collected data at this rate for 10 minutes. 
 
Figure 10. Cold-water plume created by pumping at 11.4 L/min, as depicted by FO-DTS 
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cable temperature data averaged over time, overlaid on 2019 Fenton river bathymetry. 
Arrow indicates stream flow direction. 
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Figure 11. Cold-water plume created by pumping at 18.9 L/min, as depicted by FO-DTS 
cable temperature data averaged over time, overlaid on 2019 Fenton river bathymetry. 
Arrow indicates stream flow direction. 
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Figure 12. Cold-water plume created by pumping at 18.9 L/min with distributed release 
pipe buried in large cobbles and substrate, as depicted by FO-DTS cable temperature data 





Figure 13. Cold-water plume created by pumping at 22.7 L/min, as depicted by FO-DTS 
cable temperature data averaged over time, overlaid on 2019 Fenton river bathymetry. 
Arrow indicates stream flow direction. 
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 In addition to mapping the temperature variation detected by the FO-DTS cable, 
figures were created of the difference at each point of mean temperature along the cable 
from the mean background temperature (outside of the discharge zone) of the stream for 
each experiment. The positive values represent temperature data collected that were 
greater than the ‘background’ mean temperature, and are all represented in the plots 
below by a zero value. The negative values represent temperature data that were less than 
the background, and thus the largest negative values represent the coldest portions of the 
plume for each experiment. 
 
Figure 14. Difference from background temperature in °C at high flow stream discharge 
(1.8 m3/s) at each point along the fiber optic distributed temperature sensing cable. Arrow 
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indicates flow direction. 
 
Figure 15. Difference from background temperature in °C at medium flow stream 
discharge (1.0 m3/s) at each point along the fiber optic distributed temperature sensing 
cable. Arrow indicates flow direction. 
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Figure 16. Difference from background temperature in °C at low flow stream discharge 
(0.4 m3/s) at each point along the fiber optic distributed temperature sensing cable. Arrow 
indicates flow direction. 
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Figure 17. Difference from background temperature in °C at low flow stream discharge 




Figure 18. Difference from background temperature in °C at low flow stream discharge 





Figure 19. Difference from background temperature in °C at low flow stream discharge 
(0.4 m3/s) during the third pump test (pumping at rate 22.7 L/min). Arrow indicates flow 
direction. 
Table 3 shows the overall change in temperature during each of the pump tests, 
and each of the varying stream discharge rate experiments. The greatest changes in 
temperature indicate the method used was most successful at lowering the stream 
temperature. DT Mean represents the change in temperature between the coldest mean 
temperature observed and the warmest mean temperature observed at a point along the 
FO-DTS cable. DT Min represents the change in temperature between the coldest 
minimum temperature observed and the warmest minimum temperature observed, and 
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DT Mean* represents the change in temperature between the mean background 
temperature and the coldest mean temperature observed. 
  DT Mean DT Min DT Mean* DT Max 
High flow (1.8 
m3/s) 0.09 °C 0.24 °C 0.05 °C 0.8 °C 
Medium flow (1.0 
m3/s) 0.31 °C 0.42 °C 0.24 °C 0.9 °C 
Low flow (0.4 m3/s) 1.1 °C 1.45 °C 0.86 °C 1.2 °C 
Pump test 1 (11.4 
L/min) 0.24 °C 0.26 °C 0.17 °C 1.0 °C 
Pump test 2 (18.9 
L/min) 0.38 °C 0.71 °C 0.27 °C 1.3 °C 
Pump test 3 (22.7 
L/min) 0.76 °C 0.81 °C 0.67 °C 1.5 °C 




Table 3. Change in temperature based on the temperature mean (DT Mean), change in 
temperature between the greatest and least minimum temperatures (DT Min), and change 
in temperature between the background mean temperature and the coldest mean 
temperature (DT Mean*). Change in maximum temperature recorded using the infrared 
imaging (DT Max). 
 The next form of temperature assessment used to trace the movement of the cold 
groundwater in the surface water in order to evaluate the extent of the cold-water plume 
created was thermal infrared imaging, at each of the different overall stream discharges 
and for each variable pump rate. Natural light images were also taken of the Brilliant 
Blue dye tracer added to the cold water, and progression photos were taken of the dye as 
it developed into a full plume. 
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Figure 21. Images of the dye progression in the groundwater, showing the development 
of a cold water plume over several minutes of pumping at 23.1 L/min. 
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Figure 22. (a-c) thermal infrared images at different stream discharge rates: (a) 1.8 m3/s 
(b) 1.0 m3/s (c) 0.4 m3/s (d-f) natural light images of blue dye tracer at different discharge 




Figure 23. (a-d) Images of infrared at varying pumping rates: (a) 11.4 L/min (b) 18.9 
L/min (c) 18.9 L/min with discharge pipe covered in cobbles and stream substrate (d) 
22.7 L/min (e-h) Natural light images of blue dye tracer during varying pumping rates: 
(e) 11.4 L/min (f) 18.9 L/min (g) 18.9 L/min with discharge pipe covered in cobbles and 
stream substrate (h) 22.7 L/min 
 Next, a velocity vector flow map was created in ArcMap using the velocity (m/s) 
and direction (degrees) data collected from the handheld Flowtracker ADV. The velocity 
speed and direction data were spatially correlated using the total station, and 
interpolations of the speed and direction were created using an IDW (inverse distance 
weighting) interpolation in ArcMap. The values of these two interpolations were assigned 
to points in a grid created over the study area, and those points were transformed into 
vectors that show the magnitude (speed) in their length and direction in the degrees from 
the values of the interpolation. Velocity data was collected on all three discharge days 
(1.8 m3/s, 1.0 m3/s, and 0.4 m3/s), and at 1.8 m3/s and 1.0 m3/s flow, velocity data was 
recorded with and without the baffle present in the stream to determine the effect it has 
on slowing flow in the study area. Additionally, temperature data from the FO-DTS cable 
was collected on the 1.0 m3/s discharge day with and without the baffle present. Baffle 











Figure 24. (a and b) Temperature with and without baffle, (c and d) velocity vector flow 





Figure 25. The velocity vector flow-field of the stream at high flow discharge (1.8 m3/s), 
with and without baffle. 
	
Figure 26. Low flow (0.4 m3/s) velocity vector field with baffle.	
DISCUSSION 
	
 After assessing the extent and magnitude of the various cold-water plumes created 
while pumping at typical monitoring well pump rates over a range of natural flow 
conditions in the Fenton River, it was determined that this active pumping strategy might 
only provide marginal refuge for cold water fish species in this specific hydrological 
setting. Despite the appearance of a large blue/cold temperature plume in the thermal 
maps for the high and medium flow days collected by the FO-DTS cable, the range 
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between the surface water temperature and the coldest points within the plume for the 
high flow day (1.8 m3/s) is only a difference of 0.09 °C, and for the medium flow day 
(1.0 m3/s), 0.31 °C (Table 3). This is further seen in the differences from the background 
temperature mean (Figures 14-16) which indicate that there is significantly less of a 
difference from the stream back ground temperature on the high flow and medium flow 
discharge days. Additionally, the infrared images for high stream discharge (1.8 m3/s) 
and medium stream discharge (1.0 m3/s) captured a greater temperature difference than 
detected with the FO-DTS array, showing a change in temperature of 0.8 °C for high 
discharge and 0.9 °C for medium discharge (Table 3). While this does show an increase 
in change in temperature with slower flows, the overall temperature change in the plume 
is not as dramatic as may be necessary to sustain fish seeking cooler habitat for survival. 
The lack of a cold-water pocket present at high flow and the limited amount present at 
medium flow could also be due to the absence of vertical movement of the cold water as 
it enters the stream reach.  
The dye tracer images revealed the cold water was not rapidly mixing with the 
surface water as it dissipated downstream (Figures 14 and 15), but as a large temperature 
differential was not picked up by the fiber optic or the infrared images, the cold water 
may have been highly vertically constrained at mid-depths in the water column. At the 
lowest stream discharge of 0.4 m3/s, an improved thermal plume was created (Figure 9), 
effectively dropping the surface water temperature by 1.1 °C in the coldest portion of the 
plume, but the change in temperature was still not as dramatic as expected, although a 1.1 
°C drop in temperature could be useful for fish who live in thermally marginal habitat, 
where they experience peak temperatures that are only a few degrees over their thermal 
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thresholds. The infrared images for low flow captured a cold-water plume at the surface, 
with a change in temperature of 1.2 °C  detected (Table 3), and the dye tracer image at 
low stream flow (0.4 m3/s ) appears to be a darker shade plume than depicted at high 
stream flow (1.8 m3/s), as seen in Figure 22 (the difference is not discernable between 
medium and low flows in the natural light dye images). The low stream flow 0.4 m3/s) 
experiment showed that this groundwater injection technique is effective at creating a 
cold-water plume, although only at a difference of ~ 1 degree, and only during base flow 
conditions. 
 The variable rate pump tests (performed under low flow discharge conditions) 
showed that the rate of injection has a small effect on the plume of cold-water created, 
indicating that an increase in pumping rate creates a slightly cooler plume, but does not 
make a substantially large difference at an overall stream discharge rate of 0.4 m3/s (400 
L/s). The slowest pumping rate of 11.4 L/min produced a change in temperature of 0.24 
°C between the surface water temperature and the coolest part of the plume detected by 
the FO-DTS cable (Figure 10 and Table 3), the medium pumping rate of 18.9 L/min 
produced a temperature drop of 0.38 °C (Figure 11 and Table 3), and the highest pump 
flow rate of 22.7 L/min created a temperature drop of 0.76 °C (Figure 13 and Table 3). 
(The low flow discharge experiment at 0.4 m3/s was pumped at a rate of 23.1 L/min, with 
a 1.2 °C change in temperature.) The infrared images captured for each pump test were 
able to detect a temperature variation at the surface showing an increase in temperature 
change with increasing pumping rate. For pump test 1 (11.4 L/min), the infrared images 
showed a change in temperature of 1.0 °C, for pump test 2 (18.9 L/min) a change in 
temperature of 1.3 °C, and for pump test 3 ( 22.7 L/min) a change in temperature was 
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observed of 1.5 °C (Figure 23 and Table 3). The natural light dye images taken for each 
different pump test did not show much apparent variation in the size of the plume or the 
darkness of the color besides between the first pump test (11.4 L/min) and the last (22.7 
L/min). This indicates that visual analysis of the plume magnitude and extent based on 
visual observations is likely not sensitive enough to capture change in groundwater 
concentration within the water column. Additionally, we hypothesize that even a poorly 
advectively-mixed groundwater plume will exchange heat with the surrounding channel 
water via conduction, and the dye would not capture this potentially important heat 
mixing process. 
The variations in groundwater injection techniques were tested by comparing the 
FO-DTS temperature data and infrared images when the slotted release pipe was placed 
on the streambed versus when it was covered with cobbles and partially buried, revealing 
a temperature variation between the two, indicating that covering the discharge pipe to 
further mimic a natural seep may create a colder plume as it slows the release of cold-
water and prevents it from immediately mixing with the surface water. At 18.9 L/min, the 
uncovered injection pipe produced a temperature drop of 0.38 °C, and at the same rate, 
with the pipe covered and partially buried, there was a temperature drop of 0.53 °C, as 
seen in Figures 11 and 12. While the variation is not much, it does indicate that there may 
be a further decrease in temperature when cold-water is discharged through a 
buried/covered in substrate pipe. The infrared images and natural light dye photos were 
not able to detect a difference between the two cold water release configurations (Figure 
23). 
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The velocity vector flow field maps created with and without the baffle present 
under high and medium flow conditions (1.8 m3/s and 1.0 m3/s )  indicated that the baffle 
does effectively slow the main channel flow and prevent immediate mixing of the surface 
water with the groundwater. With the baffle present at 1.8 m3/s flow, flow prior to the 
obstruction is in the 0.41-0.57 m/s range and behind and downstream of the baffle the 
flow slows to 0.01-0.09 m/s. Similarly, with the baffle present at 1.0 m3/s flow, flow 
upstream of the baffle is 0.34-0.50 m/s, and downstream/directly behind the baffle it is 
0.06-0.18 m/s (Figures 18 and 19). The temperature data collected with the fiber optic 
cable on the medium flow day (1.0 m3/s), with and without the baffle, also indicated that 
the baffle improved the temperature drop in the cold-water plume. The temperature map 
without the baffle showed a temperature change of 0.13 °C, and with the baffle a change 
of 0.31 °C, showing that the warmer surface water was most likely delayed mixing with 
the cooler groundwater, causing the temperature difference in the plume to be greater 
(Figure 24). 
 In conclusion, there was a trace of a thermal anomaly showing the potential for 
creating an effective cold-water pocket under low flow conditions, with a baffle, and at a 
high pumping rate (22.7 L/min). After a precipitation event, there was hardly a 
discernable temperature impact from the groundwater injection. The recommendation for 
future studies would be to incorporate these thermal assessments on a plume injected in a 
slower flowing area of a stream, along the banks and out of the main channel flow path 
where the overall velocity is already reduced. A number of stream restoration studies 
indicate that variables such as streambed topography and grain size, along with height 
and angle of the baffle used can have a strong effect on the amount of turbulence 
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produced and slowed flow field created. A study that assessed deflectors placed along 
adjacent stream banks at 45° (pointing downstream), 90°, and 135° (pointing upstream) 
found that deflectors were most effective when positioned at the 90° angle in terms of 
disrupting the flow field (Biron et al. 2004). This study also indicated that turbulence and 
bed shear stress is at its highest at the tips of deflectors at 90° and 135° (Biron et al. 
2004). Additionally, understanding grain size and streambed topography is an important 
component to designing deflectors for streams, as a smoothed streambeds’ mean and 
turbulent flow dynamics vary from a rocky streambed due to a rough streambed’s 
topography increasing streambed friction and resulting in slower flows for a further 
distance downstream of the deflector (Biron et al. 2005). Bank oriented deflectors have 
also been found to create a high velocity downstream that can lead to erosion problems 
and scouring issues if left in the stream permanently (Champoux et al. 2003), which is 
why this method of creating a cold-water pocket utilized a removable baffle (Kurylyk et 
al. 2015). Taking stream restoration design factors such as these into account could result 
in a more significant temperature difference that would be able to be utilized by cold-
water adapted fish species attempting to thermoregulate during extreme temperatures. 
Additionally, it could be suggested that implementation of a similar actively pumped 
strategy only occur during lowest flow periods of the year in a stream of similar size as 
the Fenton River. 
 On a larger scale, augmenting natural thermal refuge can be more effective with 
greater amounts of thermally heterogenous water being moved. In rivers that receive 
effluent from facilities, like nuclear power plants, fish can be found utilizing the large 
thermal plumes created by the effluent (Neill et al. 1974). The Joint Base Cape Cod 
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pumps approximately 40 L/s of cooling groundwater(~12 °C) into a 450 L/s river 
(average flow) in summer, which creates a more effective temperature decrease and 
larger thermal refuge, as depicted in Figure 27. Also, the Furnace Brook tributary 
confluence within the Housatonic River in Cornwall, CT creates a large, cool area used 
by trout that is protected from fishing in the summer months due to their reliance on this 
thermal refuge for alleviating thermal stress (Figure 28). This technique as a climate 
mitigation strategy might be better suited to large scale operations which empty cold 
water at a greater scale into stream reaches. The tested method of this research using a 
common house pump with one well in a small stream may not be a viable option to 
produce a large enough temperature variation to create an effective thermal refuge. 
 
Figure 27. Infrared image of a groundwater pump and treat discharge run by the Joint 





Figure 28. Infrared and natural light images of tributary confluence from Furnace Brook 
with the Housatonic River, utilized by trout as thermal refuge. Images taken by 
Christopher Sullivan and Kevin Jackson. 
CONCLUSIONS 
	
 The results of this study indicate that while thermal refuge are an important 
natural process that protect aquatic species from exceeding their thermal thresholds, and 
can create a buffer between species and the effects of climate warming, an engineered 
solution in a stream of this size and using a common household water supply pump may 
not be a viable option for augmenting natural thermal refuge in the channel center.  As 
seen by the example of larger scale cold water plume in a smaller stream adjacent to Joint 
Base Cape Cod (Figure 27).  Active pumping may be a workable solution for species 
seeking thermal alleviation by using large pumped volumes in lower stream flow settings. 
But at the small scale in a river the size of the Fenton, pumping at rates of 23.1 L/min 
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from a nearby well, this method may only be effective at low flows, and is not reliable for 
dropping the surface water temperature more than a few degrees. This technique could be 
found useful for areas where the surface water temperature exceeds thermal thresholds by 
only a degree or two, at low flow periods of the summer. In instances where only a small 
buffer is needed, this could be a viable option. Additional elements of cold-water 
injection methods and the usage of a flow obstruction device, like a baffle, can improve 
the refuge created by preventing the groundwater from immediately mixing with the 
surface water. The slotted distributed release pipe helped with this, along with burying it 
in the substrate, to create a more seep-like injection method. The baffle also proved to be 
effective at disrupting the main channel flow enough to create a slower flow field behind 
the wooden boards for a more ideal injection location. Future work could include 
different baffle configurations, including using natural restoration materials for the baffle 
components and setting up the baffle in the side channel flow near the banks, where the 
stream flow is already slower. 
These evaluations can help determine where engineered thermal refuge is likely to be an 
effective management strategy to mitigate increasingly marginal cold-water fish species 






Figure A1.	Distance from water surface in meters at the Fenton River field site in 2018 at 
1.8 m3/s river discharge. 
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Figure A2.	Distance from water surface in meters at the Fenton River field site in 2019 at 
0.4 m3/s river discharge.  
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Figure A3. Fiber optic temperature sensing cable data of minimum temperature during 
low stream discharge (0.4 m3/s), plotted over Fenton river 2019 bathymetry. Arrow 
indicates flow direction. 
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Figure A4. Fiber optic temperature sensing cable data of minimum temperature during 
medium stream discharge (1.0 m3/s), plotted over Fenton river 2018 bathymetry. Arrow 
indicates flow direction. 
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Figure A5. Fiber optic temperature sensing cable data of minimum temperature during 
high stream discharge (1.8 m3/s), plotted over Fenton river 2018 bathymetry. Arrow 





Figure A6. Fiber optic temperature sensing cable data of minimum temperature during 
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Figure A7. Fiber optic temperature sensing cable data of minimum temperature during 
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Figure A8. Fiber optic temperature sensing cable data of minimum temperature during 
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